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ABSTRACT
3-Nitropropionate (3-NPA) is a toxin that is produced by various organisms as a protection
mechanism against predators. This toxin naturally occurs as an ester glycoside and can be
hydrolyzed by the intestinal flora after ingestion. Once hydrolyzed, the toxin can be fatal by halting
the Krebs cycle and the electron transport chain. Nitronate monooxygenase from Neurospora
crassa (NcNMO), an FMN-dependent enzyme, catalyzes the oxidation of 3-NPA via a single
electron transfer. In this study, we investigated the kinetic mechanism of NcNMO using steadystate and rapid kinetics with 3-NPA as substrate in the presence of various concentrations of
viscosigen. The rate of the reductive half-reaction, which is not diffusion-controlled, increased
with added viscosigen suggesting that the electron transfer is gated by a slower conformational
change.
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1

INTRODUCTION

Nitronate monooxygenase from Neurospora crassa (E.C. 1.13.11.32; NMO) is a flavin
mononucleotide-dependent (FMN) enzyme that catalyzes the denitrification of toxic neutral
nitroalkanes and anionic alkyl nitronates.1 NcNMO is active on the toxins 3-nitropropionate (3NPA) and propionate 3-nitronate (P3N), which are released by various plants, fungi, and insects
to protect themselves from predators.2-7 3-NPA ionizes into P3N, an analogue of succinate, which
is an irreversible inhibitor of succinate dehydrogenase and fumarase.8-10 3-NPA and P3N can halt
the Krebs cycle and the electron transport chain, which would deplete an organism of ATPproduction and may result in death.10
NMO is separated in two classes. The oxidation of alkyl nitronates and nitroalkanes is a
signature characteristic of class II NMOs, whereas class I NMOs can only oxidize anionic alkyl
nitronates.1, 11 Class I NMOs are also defined by four highly conserved structural motifs, while
class II NMOs only have select residues from motifs I and III that are conserved. These motifs
have led to the identification of ~500 hypothetical class I NMOs and ~10 hypothetical class II
NMOs. NcNMO is the only class II NMO that has been characterized thus far.1
Previously, class I NMOs from Pseudomonas aeruginosa (PaNMO) and Cyberlindnera
saturnus (CsNMO) have been mechanistically characterized with P3N as substrate and the crystal
structures have been solved with a resolution of 1.44 Å and 1.65 Å, respectively.1, 12, 13 In the
crystal structures of PaNMO and CsNMO there is a conserved histidine (residues 183 and 197,
respectively) in the active site that is ~6 Å away from the N5 atom of the isoalloxazine ring. Based
on an amino acid sequence alignment, this histidine is conserved in NcNMO as well.1 Previous
studies using ethylnitronate and nitroethane as substrates have shown that this conserved histidine
(H196) behaves as an electrostatic catalyst and is important for substrate recognition and binding.14
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These studies provide an explanation as to why NcNMO has a preference for anionic alkyl
nitronate over neutral nitroalkanes. NcNMO has been previously mechanistically characterized
with the substrates ethylnitronate, nitroethane, nitrobutane, 2-nitropropane, and nitrohexane.13

Figure 1: The simplest kinetic mechanism for NcNMO with a neutral nitroalkane as substrate.
.
E-FMNox, oxidized FMN bound to enzyme; S, neutral nitroalkane; S-, anionic alkyl nitronate; S ,
radical form of the alkyl nitronate; P1 and P2, aldehyde and nitrite products.

The kinetic mechanism (Figure 1) begins with the association of the organic substrate to
form the enzyme-substrate complex (1) followed by the deprotonation of the a-carbon of the
neutral substrate (2). Then, a single electron transfer occurs from the nitronate to the FMN (3),
forming the anionic semiquinone. The introduction of molecular oxygen to the system oxidizes
the semiquinone and yields the enzyme-product complex (4). Subsequently, the nitrite and
aldehyde products are released (5). For reactions with the anionic substrate, step 2 does not occur.15
It is important to note that as previously mentioned, the organic substrate reduces the enzyme. This
was established by observing the anaerobic reductive half-reaction with nitroethane and
ethylnitronate as substrates. The enzyme-monitored turnover showed the complete reduction of
the flavin to the semiquinone. In the presence of molecular oxygen, the flavin becomes
reoxidized.13
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In this study, NcNMO was characterized for the first time with 3-NPA and P3N to establish
substrate specificity using steady-state kinetics. NcNMO was further characterized with 3-NPA as
substrate using kinetic solvent viscosity effects to probe whether substrate binding and product
release are rate-limiting for the catalytic turnover. Additionally, kinetic solvent viscosity effects
were also used to probe the effect of the added viscosigen on the reductive half-reaction by using
a rapid reaction kinetics approach on the stopped-flow spectrophotometer.
1.1

Purpose of the Study
The purpose of this study was to determine substrate specificity between P3N and 3-NPA

and to further mechanistically characterize NcNMO using kinetic solvent viscosity effects and 3NPA as substrate.
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2
2.1

EXPERIMENT

Materials
Escherichia coli strain BL21(DE3) was purchased from Novagen (Madison, WI). 3-

Nitropropionic acid was from Sigma-Aldrich (St. Louis, MO). P3N was prepared by dissolving 3NPA in water and incubating in 2.2 molar excess of KOH for 24 h at 4 °C. In order to prevent the
sample from heating and decomposing, the KOH was added slowly. All other reagents were of the
highest purity commercially available.
2.2

Expression and Purification
E. coli expression strain BL21(DE3) cells containing plasmid pET/2NPDnc were used to

inoculate 2 x 1 L of Terrific Broth medium containing 100 μg/mL ampicillin and the cultures were
incubated at 37 °C for ~ 17 h. Once the cultures attained an OD600 of 0.7 to 0.9, IPTG was added
at a final concentration of 0.2 mM and the temperature was lowered to 20 °C. After ~ 19 h, the
cells were harvested via centrifugation and were resuspended with 4 volumes of 1 mM EDTA, 100
mM NaCl, 1 mM PMSF, 0.2 mg/mL lysozyme, 20 μg/mL DNase, 20 μg/mL RNase, 10 mM
MgCl2, and 50 mM Tris-Cl at pH 8.0. The resuspended cell paste was subjected to sonication and
the cell-free extract was collected by centrifugation at 12,000 x g for 25 min. The cell-free extract
was brought to 30% ammonium sulfate saturation and was incubated for 30 min on ice, followed
by centrifugation. The supernatant was manually loaded onto a Phenyl Sepharose Fast Flow
column (3 x 21 cm) equilibrated with 1.26 M ammonium sulfate in 50 mM potassium phosphate
with 10% glycerol, pH 7.4. The column was eluted using the same buffer with a linear gradient
from 1.26 to 0 M ammonium sulfate over 1 L. Based on enzymatic activity and UV-visible
absorption spectroscopy, the fractions were pooled together and dialyzed against 5 mM potassium
phosphate containing 10% glycerol, pH 7.4. The sample was manually loaded into a DEAE
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Sepharose Fast Flow column (3 x 25 cm) equilibrated with 20 mM potassium phosphate containing
10% glycerol, pH 7.4. The column was eluted with the same buffer using a linear gradient from 0
to 0.5 M ammonium sulfate over 1 L. The highest purity fractions were pooled, dialyzed against 5
mM potassium phosphate containing 10% glycerol, pH 7.4, and stored at -20 °C until use.
2.3

Steady-State Kinetic Mechanism
Enzymatic activity of NMO was measured with a computer-interfaced Oxy-32 oxygen-

monitoring system (Hansatech Instruments, Inc., Norfolk, England) by monitoring the initial rate
of oxygen consumption at 30 °C. Initial rates of the reaction were calculated based on the
concentration of enzyme-bound FMN, as determined spectrophotometrically. The steady-state
kinetic parameters were determined using a reaction buffer containing 50 mM potassium
phosphate, pH 7.4 with varying concentrations of oxygen and either 3-NPA (1-10 mM) or P3N
(0.05-0.5 mM) as the substrate. The reaction buffer was equilibrated with a mixture of O2/N2 for
at least 5 min before the enzyme and substrate was added. When atmospheric oxygen was used,
the reaction buffer were equilibrated with air before the addition of the enzyme and substrate.
When 3-NPA was used as substrate the concentrations of oxygen used were between 21-235 µM.
When P3N was used as substrate the concentrations of oxygen used were between 9-133 µM.
Enzymatic activity assays with P3N and 3-NPA were started with the addition of the substrate to
the reaction mixture to guarantee that an insignificant amount of the neutral species of the nitronate
was present during the time required to attain initial rates of reaction (typically ∼30 s) due to the
second-order rate constants for protonation of the nitronates (15−75 M−1 s−1).16
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2.4

Kinetic Solvent Viscosity Effects

2.4.1 Steady-State Kinetics
The enzyme activity of NMO was measured using the computer-interfaced Oxy-32 oxygen
monitoring system (Hansatech Instruments, Inc., Norfolk, England) as previously stated. The
steady-state kinetic parameters were determined by varying the concentration 3-NPA, with the
reaction buffer of 50 mM potassium phosphate, pH 7.4, containing varying amounts of glycerol
(0-40%, m/m, h = 1.0-3.5 cP). Assay reaction mixtures were equilibrated at atmospheric oxygen
for at least 5 min before the reaction was started with the addition of the enzyme and the substrate.
The experiment was repeated using glucose as a viscosigen (0-34%, m/m, h = 1.0-3.6 cP).
2.4.2 Reductive Half-Reaction
The anaerobic reduction of NcNMO with 3-NPA as substrate was monitored with a Hi-Tech
SF-61 stopped-flow spectrophotometer. The flavin reduction was established using a xenon lamp
and photomultiplier tube mode by monitoring the increase in absorbance at 372 nm that is due to
the increase in concentration of the semiquinone that is a result of the anaerobic mixing of the
enzyme and substrate. A nitronate monooxygenase solution was made anaerobic by loading into a
tonometer and flushing with oxygen-free argon followed by removing the gas with a vacuum for
20 cycles. The substrates were dissolved in water, placed into a 10 mL Micromate glass syringe,
and were made anaerobic by bubbling oxygen-free argon into the solution for at least 15 min. To
remove any residual traces of oxygen from the enzyme and substrate, Aspergillus niger glucose
oxidase (Sigma-Aldrich) and glucose were added with the final concentrations of 0.5 µM and 2
mM, respectively. The enzyme and substrate were mounted onto the stopped flow, which was
previously treated with a solution of 5 mM glucose and 1 µM glucose oxidase in 100 mM sodium
pyrophosphate buffer pH 6.0 (final volume is 20 mL) that was prepared in a tonometer as described
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above. The experiments were conducted in triplicate by mixing equal portions of enzyme and
substrate. The final substrate concentration (1.0-20.0 mM) was at least ten times greater than the
concentration of the enzyme to ensure pseudo-first-order conditions. The data collected was using
a range of temperatures (20, 30, and 40 °C) with the respective concentration of glycerol (9-24%)
to keep the relative viscosity constant (h = 1.3 cP) as the temperature varied. To determine the
absolute viscosity and the dielectric constant values of glycerol in the reaction mixture,
interpolation from literature was used.17-19 In other experiments, the temperature was kept constant
(15 °C) and the relative viscosity varied (h = 1.0-2.5 cP) while different concentrations of glycerol
were added (0-30%, m/m). The enzyme and substrate were adjusted to the same concentration of
glycerol before mixing in the stopped-flow reaction chamber in order to prevent uneven mixing or
turbidity.
2.5

Data Analysis
Steady-state kinetic data were fit with KaleidaGraph (Synergy Software, Reading, PA) and

Enzfitter (Biosoft, Cambridge, U.K.) software. Kinetic parameters determined with 3-NPA or P3N
at atmospheric oxygen were obtained by fitting the data to the Michaelis−Menten equation for one
substrate. When using P3N, substrate concentrations were saturating, ensuring accurate
determinations of kcat. When using 3-NPA, saturating concentrations could not be achieved,
therefore, estimations of kcat /Km, but not kcat or Km, were made. When initial rates of reaction were
determined at varying concentrations of P3N or 3-NPA and oxygen, the kinetic data were fit to eq
1, which describes a steady-state kinetic mechanism in which a ternary complex is made with both
substrates before the products are released. The rate of catalytic turnover (kcat) is the first-order
rate constant for the reaction in the presence of saturating concentrations of P3N and oxygen, Ka
and Kb are the Michaelis constants for P3N or 3-NPA (A) and oxygen (B), e is the enzyme
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concentration, and Kia is a kinetic constant that accounts for the intersecting line trend in the double
reciprocal plot.
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The viscosity effects on the steady-state kinetic parameters of the enzyme with 3-NPA at pH 7.4
were fit with eq 2. The kinetic parameters were measured in the absence (k0) and presence (kh) of
viscosigen, ηrel is the relative viscosity of the reaction mixture, and A and B are parameters required
to describe the hyperbolic behavior.
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Stopped-flow traces, which shows a double-exponential process, for the reductive half-reaction
were fit with eq 3. The observed first-order rate constants associated with absorbance changes of
the flavin are indicated by λ1 and λ2, the increase of absorbance at 372 nm at any given time is
denoted by A, t is time, the amplitudes of the absorbance changes are signified as B and C, and the
absorbance at infinite time is represented by D. The phase displaying the most substantial
amplitude values (≥85%) is indicated as λ1 and was plotted as a function of substrate concentration
using eq 4, where kred is the limiting first-order rate constant for flavin reduction at saturating
concentrations of substrate, Kd is the apparent dissociation constant for the binding of the substrate,
and S is the substrate concentration. The slow phase, λ2, was not considered because it was
concentration independent. The rate for the slow phase was also ≥5% of the kred value.
𝐴 = 𝐵𝑒 CD: E + 𝐶𝑒 CDH E + 𝐷
𝜆3 =

&KLM N
.M /N

(3)
(4)
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3
3.1

RESULTS

Purification of Recombinant Nitronate Monooxygenase from Neurospora crassa
Recombinant nitronate monooxygenase from Neurospora crassa was expressed in E. coli.

Initially, the gene product was purified solely using DEAE anion-exchange chromatography, but
SDS-PAGE analysis showed that numerous additional proteins were contaminating the NMO
product. More specifically, the UV-visible absorption spectrum showed a sharp peak at ~420 nm,
from a possible cytochrome contamination (data not shown). Therefore, an additional hydrophobic
phenyl column was used to isolate the enzyme after combining fractions A and B. After further
purifying the enzyme with the phenyl column, the specific activity increased from 135 to 184 U/mg
as shown in Table 1. This is most likely due to the impurities causing an inhibitory effect. The
purified enzyme was stable for several months when stored at -20 °C in 5 mM potassium phosphate
with 10% glycerol, pH 7.4.
Table 1: Purification of Recombinant Nitronate Monooxygenase from Neurospora crassa
Sample
vol(mL) U/mLa
U
mg/mL
mg
U/mg Yield (%)
CFE
178
464
82592
9.7
1727
48
100
20% AS + Dialysis
10
434
78120
8.7
1566
50
95
DEAE – Fraction A
30
609
18270
4.5
135
135
22
DEAE – Fraction B
32
361
11552
4.6
147
78
14
30% AS
62
551
34162
4.0
248
138
41
Phenyl-Sepharose
95
166
15770
0.9
86
184
19
a
Enzymatic activity was determined by monitoring the oxygen consumption with 1 mM
propionate-3-nitronate at atmospheric oxygen in 50 mM potassium phosphate, pH 7.4 and 30 °C.
3.2

Steady-State Kinetic Mechanism
Steady-state kinetic assays were performed using 3-NPA and P3N as substrates to determine

specificity. The kcat and Km values displayed in Table 2 could not be accurately estimated because
saturating concentrations of 3-NPA could not be reached. As such, they will not be considered
further. In that assay, the concentration of oxygen was saturating at all concentrations (21-235 µM)
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as seen by the consistency in the kcat/K3-NPA values in Table 2. The KO when 3-NPA was used as
2

substrate was estimated to be £1µM and therefore, would not be measured using the Oxy-32
oxygen monitoring system due to the signal-to-noise ratio. NcNMO has a higher substrate
specificity for P3N due to the 400-fold greater kcat/KP3N as compared to the kcat/K3-NPA.

A

B

Figure 2: Steady-state kinetics of NcNMO with 3-NPA or P3N. (A) Plot of the initial rates of the
reaction versus [3-NPA] at pH 7.4 and 30 °C with fixed oxygen concentrations at 235, 48, and 21
µM. (B) Plot of the initial rates of the reaction versus [P3N] at pH 7.4 and 30 °C with fixed oxygen
concentrations at 229, 58, and 27 µM. The curves in panels A and B represent the individual fits
with the Michaelis-Menton equation for each concentration of oxygen.

Table 2: Steady-State Kinetic Parameters for Nitronate Monooxygenase with 3-NPA as Substrate
at pH 7.4
kcat (s-1)a
K3NPA (mM)a
kcat/K3-NPA (mM-1s-1)
R2
[O2] (µM)
235
0.995
43 ± 5
13 ± 3
3.4 ± 0.9
48
0.999
44 ± 2
13 ± 1
3.4 ± 0.3
21
0.998
38 ± 4
10 ± 2
3.9 ± 0.8
Enzymatic activity was determined by monitoring the oxygen consumption with 3-NPA (1-10
mM) at atmospheric oxygen in 50 mM potassium phosphate, pH 7.4 and 30 °C. aThe kinetic
parameters were poorly estimated due to the lack of data points at saturating concentrations.
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Table 3: Steady-State Kinetic Parameters for Nitronate Monooxygenase with P3N as Substrate at
pH 7.4
kcat
KP3N
Koxygen
kcat/KP3N
kcat/Koxygen
Kia
(s-1)
(mM)
(mM)
(mM-1 s-1)
(mM-1s-1)
(μM)
300 ± 5
0.15 ± 0.01
0.0119 ± 0.0001
1,700 ± 80
22,000 ± 1,300
Enzymatic activity was determined by monitoring the oxygen consumption with propionate-3nitronate (0.05-0.5 mM) at atmospheric oxygen in 50 mM potassium phosphate, pH 7.4 and 30
°C.
3.3

Kinetic Solvent Viscosity Effects

3.3.1 Steady State Kinetics
To assess whether the diffusion-controlled steps of substrate binding and product release
are rate-limiting for the enzyme turnover, glycerol was added as a viscosigen to probe changes in
the kinetic parameters kcat and kcat/Km. The effect of solvent viscosity on the kinetic parameters
were measured at pH 7.4 with 3-NPA as the substrate. As shown in Figure 3A, as the concentration
of glycerol in the reaction mixture was increased, the values for previously mentioned kinetic
parameters increased as well. For example, there was about a 9-fold difference in kcat between the
0% glycerol and 40% glycerol. Given error, the values for Km did not significantly change
throughout the experiment (Table 4). There was also a 5-fold difference in the kcat/Km values when
comparing the 0% and 40% glycerol concentrations. The normalized kcat and kcat/Km values showed
an inverse hyperbolic trend at increasing relative viscosity (Figures 3C and 3E). The experiment
was later repeated using glucose as the viscosigen and a similar effect was observed. The
concentrations of glucose were chosen by keeping the relative viscosity similar to that of the
experiment with glycerol. With glucose as the added viscosigen, a 9-fold increase in kcat was seen
between 0% and 34% glucose. The Km also did not change significantly, given error and the
normalized kcat and kcat/Km values showed an inverse hyperbolic trend at increasing relative
viscosity (Figures 3D and 3F).
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Table 4: Solvent Viscosity Effects on the Steady-State Kinetic Parameters of Nitronate
Monooxygenase at pH 7.4
Viscosigen
%, m/m
kcat (s-1)
Km (mM)
kcat/Km (mM-1s-1)
R2
Glycerol
0
30 ± 2
4±1
7±1
0.993
20
110 ± 10
6±1
20 ± 2
0.994
32
220 ± 30
9±2
25 ± 2
0.993
40
290 ± 20
8±1
40 ± 2
0.998
Glucose
0
40 ± 2
7±1
5±1
0.996
18
200 ± 20
6±1
30 ± 3
0.992
28
280 ± 3
4±1
60 ± 1
0.999
34
340 ± 20
4±1
100 ± 10
0.993
Enzymatic activity was determined by monitoring the oxygen consumption with 3-NPA (1-10
mM) at atmospheric oxygen in 50 mM potassium phosphate, pH 7.4 and 30 °C.
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A

B

C

D
Glycerol

E

Glucose

F
Glycerol

Glucose

Figure 3: Solvent Viscosity Effects on the Steady-State Kinetic Parameters of NcNMO at pH 7.4.
(A) Enzymatic activity was measured in 50 mM potassium phosphate in the presence of 0-40%
glycerol at 30 °C. (B) Enzymatic activity was measured in 50 mM potassium phosphate in the
presence of 0-34% glucose at 30 °C. (C) Effect on kcat/Km with 3-NPA as substrate in the presence
of glycerol as the viscosigen. (D) Effect on kcat/Km with 3-NPA as substrate in the presence of glucose
as the viscosigen. (E) Effect on kcat with 3-NPA as substrate in the presence of glycerol as the
viscosigen. (F) Effect on kcat with 3-NPA as substrate in the presence of glucose as the viscosigen.
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3.3.2 Reductive Half-Reaction
To gauge the effect of solvent viscosity on kred and Kd values for NcNMO with 3-NPA as
substrate, various concentrations of glycerol were added to the reaction mixture for the anaerobic
reductive half-reaction at pH 7.4 and 15 °C. P3N could not be used as substrate due to the reaction
occurring during the dead time of the stopped-flow spectrophotometer (2 ms). It was observed that
at increased concentrations of glycerol, the Kd did not significantly change while the kred increased.
For instance, the kred values had a 2-fold increase between 0% and 30% glycerol. As shown in
Figure 4B, the normalized kred values illustrated an inverse hyperbolic trend.
In order to ensure that another factor of the added viscosigen was not contributing to the
increase in kred, an experiment was designed that used different concentrations of glycerol but kept
the relative viscosity constant by varying the temperature at pH 7.4. As a result, the permittivity
of the reaction mixture varied at different concentrations of glycerol. If the viscosity was the sole
contributing factor, then at different concentrations of glycerol there would not be a change in the
values for the kinetic parameters. As seen in Figure 5, the hyperbolic curves were overlapping at
different concentrations of glycerol and the values for Kd, kred, and kred/Kd did not change
significantly given error (Table 6). Therefore, there was not an additional factor of the added
viscosigen contributing to the increase in kred.
Table 5: Kinetic solvent viscosity effects on the reductive half-reaction of Nitronate
Monooxygenase at pH 7.4
Glycerol %, m/m
T, ℃
Kd (mM)
kred/Kd (mM-1 s-1)
𝜂, cP kred (s-1)
0
15
1.0
130 ± 10
7±1
20 ± 2
10
15
1.2
170 ± 10
9±1
20 ± 1
20
15
1.7
215 ± 15
9±1
24 ± 2
30
15
2.5
280 ± 25
11 ± 2
24 ± 2
Flavin reduction was determined by monitoring the increase in absorbance at 372 nm with 3-NPA
(1-15 mM) under anaerobic conditions in 100 mM HEPES, pH 7.4.
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Figure 4: Solvent Viscosity Effects on the Reductive Half-Reaction of NcNMO at pH 7.4. (A)
Flavin reduction was measured under anaerobic conditions in the presence of 0-30% glycerol at
15 °C. (B) Effect on kred with 3-NPA as substrate in the presence of glycerol as the viscosigen

Figure 5: Effect of Constant Relative Viscosity on the Reductive Half-Reaction. Flavin reduction
was measured under anaerobic conditions in the presence of 9-24% glycerol at 20, 30, and 40 °C
while keeping the relative viscosity constant.
Table 6: Kinetic Solvent Viscosity Effects while keeping the relative viscosity constant.
Glycerol %, m/m
T, ℃
kred (s-1)
Kd (mM)
kred/Kd (mM-1 s-1)
𝜂, cP
𝜀
9
20
1.3
78
240 ± 20
11 ± 2
21 ± 2
17
30
1.3
72
270 ± 20
12 ± 2
23 ± 2
24
40
1.3
67
260 ± 15
12 ± 1
21 ± 1
Flavin reduction was determined by monitoring the increase in absorbance at 372 nm with 3-NPA
(1-15 mM) under anaerobic conditions in 100 mM HEPES, pH 7.4.
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4

DISCUSSION

The deprotonation of the a-carbon of 3-NPA by the catalytic base, H196, is partially ratelimiting in the oxidation of 3-NPA by NcNMO. This is supported by difference between the kcat
for P3N (300 ± 15 s-1) and the kred for 3-NPA (130 ± 10 s-1). Although the kcat value with 3-NPA
as substrate could not be determined, it could only be equal to or less than the kred value (130 ± 10
s-1). Therefore, the kcat value for P3N must be at least 2-fold larger than the kcat value for 3-NPA.
In a previous study, the H196 residue was mutated to asparagine and steady-state kinetic assays
were performed with the substrates ethylnitronate and nitroethane. The result of the study showed
a loss of activity with the neutral substrate nitroethane, while there was an increase in kcat/Km for
the anionic substrate ethylnitronate. Thus, it was concluded that the H196 residue acts as a catalytic
base and deprotonates the a-carbon of the neutral substrate before releasing the nitronate to the
solvent or proceeding with catalysis.14 Therefore, the slower kcat for 3-NPA is due to the
dependence of the catalytic turnover on the deprotonation of the a-carbon by H196.
NcNMO has a higher substrate specificity for the anionic substrate P3N. This conclusion is
supported by the 400-fold increase in the kcat/Km values from 3-NPA to P3N. NMO was previously
determined to contain an anionic binding pocket which is essential for substrate recognition and
binding. The anionic binding pocket interacts with the negatively charged nitro moiety while the
hydrocarbon chain of the substrate does not significantly contribute to substrate binding. The
interaction with the nitro moiety was shown by kinetic studies with sodium nitrite as a competitive
inhibitor and ethylnitronate as substrate. Various monovalent inorganic ions were tested as
competitive inhibitors as well and did not show inhibition of the enzyme. In order to determine the
importance of the length of the hydrocarbon chain for substrate recognition, the dissociation
constants for the substrates ethylnitronate, propyl-1-nitronate, and butyl-1-nitronate were
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compared. The three previously mentioned substrates all had a Kd value at ~5 mM, signifying the
lack of importance of the length of the hydrocarbon chain for substrate recognition.20 Therefore,
the higher kcat/Km value for P3N is due to the preference of the binding pocket for the additional
negative charge on the nitro group.
Glycerol does not behave as an activator of NcNMO. The results of the viscosity effect of the
steady-state kinetics in the presence of glycerol and glucose provide support for this conclusion.
Due to the 9-fold increase in the catalytic turnover from 0% to 40% added viscosigen it was
speculated that glycerol was binding to the enzyme and causing the increase in activity. It was
concluded that glycerol is not a nonessential activator because a control experiment using a
viscosigen with a very different structure (glucose) showed similar results, where there was a 9fold increase in the catalytic turnover. Glycerol is also not an essential activator because the
reaction proceeds without the added viscosigen.

Figure 6: The simplest kinetic mechanism. The enzyme reacts with one substrate and released one
product. The rate constants for the enzyme association (k1), enzyme dissociation (k2), chemical
step (k3), and product release (k5) are explicitly shown
In this study, the dissociation constant of NcNMO with 3-NPA as substrate is not affected by
the added viscosigen. The impact of solvents and solutes on the Kd has not been extensively
studied. The effect of solvent viscosity on k1 and k2 does not necessarily have the be equal as
shown by studies conducted by Christos Papaneophytou et al.21 This group was interested in the
high concentrations of salt and other additive used in techniques like crystallography. That
curiosity led to their study of the effect of solvent viscosity, as well of other variables, on the
dissociation constant on three different protein-ligand systems. They concluded that generally, the
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addition of a microviscosigen, glycerol, shows adverse effects by raising the Kd values. This study
also showed that solvent viscosity had the greatest impact on the dissociation constant for all three
protein-ligand systems followed by temperature and ionic strength.21 Since Kd values for NcNMO
remain constant throughout the experiments, k1 and k2 are equally effected by the added viscosigen.
The chemical step (k3, Figure 6) is gated by an internal isomerization of the enzyme that is
rate-limiting. This conclusion is supported by the inverse hyperbolic curves shown in the
normalized kcat and kcat/Km values with glycerol or glucose (Figures 3B, 3C, 3D, and 3E), which is
a signature of an internal isomerization.22 Although, it is undetermined whether substrate-capture
and/or product-release are rate-limiting because the effect could be masked by the inverse
hyperbolic trends seen in the previously mentioned figures. The chemical step is thought to be
viscosity independent, but there have been cases where added viscosigen effects the rate of
hydride, proton, and electron transfer enzymatic reactions.23-25 Hoffman and Ratner have studied
the influence of conformational changes on the rate of electron transfer. They stated that if the
conformational change is the slow-step when compared to the electron transfer, then the reaction
is termed “gated.” Many studies assume that the electron transfer occurs in a single step, but this
is not always the case.12 In a study, C. Feng et al. saw a decrease in the rate of the intramolecular
electron transfer in sulfite oxidase when an increasing concentration of viscosigen was added. This
group suggested that the electron transfer was gated by a conformational change and that the
viscosigen interfered with the position of the enzyme, which as a result, caused the enzyme to be
less “productive.”23 Therefore, the added viscosigen in the reacting buffer for NcNMO could be
giving the opposite effect where it is orienting the enzyme in a way where it is aiding a
conformational change and causing the enzyme to turnover more quickly. Thus far, there has not
been any crystallographic studies done on NcNMO to visualize the conformational change.
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Additionally, circular dichroism experiments cannot be done at this time because a suitable
competitive inhibitor has yet to be found. It was concluded that the viscosity was responsible for
increasing the rate of electron transfer and no other properties of the added viscosigen because
when the relative viscosity was kept constant, the kinetic parameters did not fluctuate.
In conclusion, based on the results of this study, the deprotonation of the substrate 3-NPA
by the residue H196 is partially rate-limiting for the catalytic turnover of NcNMO as shown by a
7-fold difference in kcat compared to P3N. The preference of the anionic binding pocket for P3N
over 3-NPA was demonstrated using steady-state kinetics which showed a 400-fold difference in
the kcat/Km values. By conducting a control with glucose, it was also proven the glycerol was not
behaving as a nonessential activator in the kinetic solvent viscosity effects experiments. Although
it could not be determined whether substrate-capture and/or product release is late-limiting, the
kinetic solvent viscosity data suggested that there is an internal isomerization. This result was
further supported by an increase in the rate of electron transfer with added viscosigen which could
suggest that the electron transfer is gated by a conformational change.
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